The pre-cooling system used in the cooling process of the hot rolled wire rod is a system that sprays cooling water at high pressure to cool the fast-moving wire rod to a required temperature when the rod passes through the cooling nozzle of the cooling box. The influence of the flow phenomenon of this cooling nozzle affecting the rod temperature and the factors affecting the cooling efficiency were examined through experiments and numerical analysis. The confined-type cooling nozzle showed a phenomenon where secondary flow or vortex was produced on the flow depending on the existence of chambers and variations in the Reynolds number, and the production of such vortex affected the rod cooling efficiency phenomenon. The wire rod cooling efficiency can be said to be most effective at a point where the wire rod and water jet impinge due to flow increase, viz, the Reynolds number increase. It is believed that the optimal conditions featuring excellent cooling efficiency can be deduced in the future by analyzing the flow conditions and design conditions. KEY WORDS: pre-cooling; hot rolled wire rod; cooling nozzle; cooling efficiency; water jet; confined type nozzle.
Introduction
Spray cooling method means a method of cooling by spraying the atomized liquid on the hot surface after jetting compressed water through a nozzle. In addition to this spray cooling method, the impinging liquid jet cooling system means a method where the jetted liquid forms a liquid film, boils and flows over the hot surface. Currently, the liquid jet cooling method is widely used in industrial applications requiring rapid cooling. Since the cooling method is directly related to the cooling efficiency, and the cooling technologies determine the quality of products, especially during the hot rolling and cooling process at steel plants, a great deal of research relating to this area has been carried out.
Under these systems, factors that affect heat transfer can be divided into the factor related to the cooling liquid used as cooling material and the factor of the cooling surface, the surface of the materials to be cooled. Factors on the cooling liquid include the nozzle geometry, flowrate, temperature, and the distance between the cooling surface and the nozzle. Factors on the cooling surface include the shape, size, and the roughness of the surface being cooled, and the surface heat resistant layers.
In actual rapid cooling of hot steel, the heat transfer phenomenon during the cooling process is unsteady due to high heat flux with hot water flowing on the hot surface. In other words, the boiling phenomenon that appears when the jetted water impinges due to high heat flux carries complicated forms. The pre-cooling system used in the cooling process of the hot rolled wire rod sprays cooling water at high pressure to cool the fast-moving wire rod to a required temperature when the rod passes through the cooling nozzle of the cooling box. Since the wire rod is hot, heat transfer is made by the film boiling on the wire rod surface where the cooling water and the wire rod make contact. Also, heat transfer is made to the film boiling layer due to the convection of the cooling water. Therefore, the wire cooling mechanism can be called convection-controlled film boiling.
Many scientists have attempted to check the heat flux in a lot of fields during the process of convection-controlled cooling. Cheng et al. 1) proved through experiments that the heat transfer coefficient does not have any relation with the liquid sub-cooling pattern when sub-cooling is sufficiently high. Zurdel, 2) on the other hand, conducted a non-stationary experiment to examine the heat transfer in the cooling zones of the hot-rolled wire, and expressed the heat transfer in the heated tube as follows: This experiment was conducted in the turbulent flow region with the Reynolds number ranging from 150 000 up to 415 000. From the viewpoint of cooling efficiency, the vapor film formed by such boiling hinders heat transfer to the cooling water from the hot surface and for this reason, it is more advantageous to let new water penetrate through the cooling water layer and the vapor layer formed on the steel surface to make direct contact with the steel. To penetrate this flow layer, it is necessary to increase the impact power of water by increasing the impinging flux and to provide new cooling water by removing the jetted cooling water. The laminar flow cooling method was developed for this purpose. The laminar flow cooling method was classified into a free surface jet method and a submerged jet method. 3, 4) In the former research, 5) the heat transfer effects of the impinging surface affected by the cooling water can be expressed based on the Nusselt number, which is closely related to the flow of the cooling water on the surface by the temperature gradient of the liquid on the impinging surface. In other words, it was announced that the relations between the Nusselt number and the Reynolds number follow the power-law as shown in the formula (1) above, and increases in proportion to the power of Re. However, since the flow characteristics caused by the complicated nozzle geometry of the actual cooling system become the factor that significantly affects the performance of the wire rod cooling, the turbulent flow featuring good cooling effeciency is generally used at the actual site. Complicated nozzle geometry is used (i.e. confined type or semi-confined cooling nozzle type). Even though Suresh V. et al., 6) C. F. Ma 7) carried out research into the cooling efficiency with respect to the simple nozzle geometry, there are no current studies being conducted on the various method that the flow varies according to the geometric shape of the nozzle used in the actual cooling nozzle. A free surface jet or submerged jet is formed according to the flowrate because of these nozzle characteristics. The results of this research demonstrated that with the free surface jet, the smaller the heat flux, a region where temperature rises rapidly appears due to the hydraulic jump. As a result, the reduction in the fluid velocity, which varies according to the distance from the stagnation point where the jet sprayed from the nozzle slit impinges against the cooling wall, causes boiling and decreased cooling effects. This research used the confined jet type as the nozzle in the wire rod cooling system. Unlike plates, the behavior of the turbulent flow is complicated by the creation of a secondary flow vortex and the behavior of the particles that are broken up into droplets after impinging with the rod. These factors may affect the cooling characteristics. Hence, the purpose of this research is to study the factors that affect these cooling characteristics and variations in flow velocity.
Experimental Procedure
Figure 1(a) shows a schematic diagram of the experimental system used to observe the flow phenomenon and examine the internal velocity. The operating fluid was water at a temperature between 10°C and 15°C. The fluid compressed at the 202 650 Pa by the pump is jetted to the nozzle after passing through the main pipe and the by-pass line. To prevent temperature rise during operation, a heat exchange tube was installed inside the water reservoir to circulate cooling water. The by-pass line was divided into 2 parts to widely control the flowrate. The range of adjusting flowrate was from 0. film was used with a 3-axis traverse for the transfer of position. Since the contact angle between the actual nozzle and the wire rod is 30 degrees, the pipe was tilted at an angle of 30 degrees.
Considering the contact angle error of the hot film sensor, the sensor was inserted into the pipe to calibrate velocity. Because the frequency band does not exceed 100 Hz in the velocity region of this experiment, data were logged at a sampling rate of 2 kHz. The measured value of the temperature and the flowrate signal of the flow meter were simultaneously logged using the 12-bit DAQ system.
To measure the velocity at the nozzle exit, a 1-D LDV system of Aerometrics was used. Figure 1(b) shows the LDV system. The velocity measuring system used for this research is composed of a laser, beam splitter/expander, transmitter, receiver, signal analyzer, and data processor. A 15 mW He-Ne laser was used.
A 2-D traverse was used to move the position of the nozzle as shown in Fig. 1(a) . The RTD type temperature sensor and the K-type thermocouple were used to adjust the water temperature within Ϯ1°C considering the temperature control range (a maximum of 50°C). The magnetic flowmeter was used and the flowrate signal emitted from the output signal was averaged to determine the value. A digital cam-era and CCD camera were used for the image visualization system. The sheet beam of the Argon Laser was used as the light source to photograph internal flow. The numerical result was calculated using the Fluent 6.0, the commercial package, and the velocity measured value of internal flow were compared to analyzed results. Figure 2 shows the pre-cooling nozzle used in this experiment. The slit angle is 30 degrees, with a nozzle slit width of 1.3 mm and a total length of 450 mm. The nozzle is designed to allow adjustment of the variation in the nozzle clearance.
As shown in the following figure, this research defined the impinging angle as the Incident Angle and the Reflection Angle.
Experimental Results and Discussion

External Flow
Variation in the amount of cooling water is a factor that significantly affects the cooling efficiency. The cooling temperature is controlled by adjusting the amount of water in the actual production process. Figure 3 shows the impinging angle varying according to the increase in flowrate. Figure 3 (a) shows the variation of the impinging angle prior to impinging and 3(b) after impinging. The incident angle decreases as the flow increases prior to impinging. Conversely, the reflection angle increases as the flowrate increases after impinging. Such variation in the impinging angle of the slit jet carries trends different from those of the wall jet of the existing research featuring small flowrate, and is characterized by being dispersed into small droplets on the external part of the nozzle after impinging. In other words, if the flowrate is small based on the stagnation point, the impinging point, a laminar flow in parallel with the wire rod exists prior to and after impinging; however, in the case of actual cooling system featuring large flowrate. We can expect that the cooling performance between the flow in parallel with the wire rod inside the nozzle and the region of the droplets dispersed to the external part of the nozzle after impinging will be significantly different.
Figures 3(c) and 3(d) show the variation of the impinging angle with respect to the wire rod size, which in turn shows that the variation in the incident angle is less affected by smaller rod diameters, but the variation in the reflection angle remains nearly the same, regardless of the wire diameter. It is believed that such effects can be disregarded because in an actual cooling system the droplets dispersed after impinging are rarely reattached to the rod. Figure 4 shows the result of measuring with an LDV the exit velocity distribution at the nozzle exit when the flowrate increases, and the radial direction distance from the wire rod surface varies. The same velocity pattern is maintained as the flowrate increases, and the velocity distribution becomes smooth farther from the nozzle exit and the more z value increases, indicating the highest velocity at a radial direction rϭ2 mm. From the point of approximately 2 mm, the reduction in the radial direction velocity was significant and was caused by the wall boundary effect. Figure 5 shows the result of measuring with a LDV system the variation in the radial direction velocity when the flowrate increases at an axial distance of 2 mm and 10 mm from the nozzle. Figure 5 (a), having a distance of zϭ2 mm, shows that velocity decreases after increasing when flowrate increases, while from the position of zϭ10 mm in Fig. 5(b) , velocity steadily increased linearly with only a small difference in the velocity in the radial direction compared with 2 mm. This indicates that the velocity variation level in the radial direction was high at a point immediately in front of the nozzle exit compared with the position of 10 mm. Because the flow direction changed according to the increase in flowrate. For this reason, the flowrate and velocity do not increase in proportion at certain flowrates.
Internal Flow Visualization
Figures 6(a) and 6(b) show the photograph of the flow phenomenon of the cooling system having an internal chamber. Both Figs. 6(a) and 6(b) have the form of submerged jet, and velocity is reduced due to the wall shear stress effect compared with the free surface jet, which is expected to deteriorate the cooling performance. ment, vortexes and a secondary flow were formed. We also observed that when the flowrate increases, the internal pressure varies leading to a significant increase in cavitation.
Analytical Procedure
Calculation Condition
As in other numerical analyses, the basic governing equation required for the numerical analysis of the precooling system include the mass conservation equation, momentum conservation equation and the energy conservation equation relations between mass, momentum, and energy conservation. To explain the transport phenomena of the injection nozzle analyzed in this study, standard k-e Model (the turbulent model) 8) the moving reference frame model 9) and the convection model (the heat transfer model) 10) were used. In this research, a previously developed and commercialized program (fluent 6.0) in the form of a 2-dimensional confined impinging slot jet was used to analyze the wire rod pre-cooling system. Computations have been performed over 320 000 cells. A non-uniform triangular grid on the stagnation region was used, fine grids are used at the stagnation-point region and grid size increases geometrically sideway in each point. In the vertical direction, grid size increases geometrically from interface between solid and water liquid region, except for stagnation area what minimum cell area 2.723073eϪ07 m 2 . Figure 8 depicts the boundary problem. Cooling water temperature is 300 K. The operating conditions consisted of a pressure of 101 325 Pa and gravity at Ϫ9.81 m/s 2 in the rdirection. The initial temperature of steel rod is 1 350 K. Cooling water is atmospheric pressure and 300 K. The walls of the enclosure were modeled as adiabatic walls. The interface of between the rod surface and cooling water were modeled as coupled. Coupled means that the zones on both sides of these components are coupled together and the heat transfer is calculated directly from the solution in the adjacent cells without specifying any additional boundary conditions, hence for the case of conduction problem. We can specify the material type as vapor film, wall thickness as film thickness.
The heat transfer mechanism of the pre-cooling system to be analyzed is the heat transfer based on the convection controlled film boiling as observed in the theoretical examination. The pre-cooling nozzle to be analyzed may also be classified by moving wire rod zone, the film layer zone on top of the wire rod, and the cooling water zone. Since the thickness of the wire rod zone is determined at the finishing mill, the size of the wire rod is considered fixed at the rolling prior to the finishing mill. The diameter of the wire rod was assumed to be 17 mm in this analysis when passing through the pre-cooling box. Because the thickness of the vapor film layer is smaller than 1/1 000 of the cooling nozzle thickness, heat transfer caused by convection and radiation is ignored. Hence, the thickness of the film layer can be expressed in average thickness considering the heat flux of the film layer. The average thickness of the vapor film can be calculated by applying Fourier's law considering the heat transfer mechanism on the surface of materials when the cooling nozzle of the wire rod is being cooled. If the actual film thickness is calculated based on this method, the result may have a value of several micrometers; however, 0.07 mm was decided as the basic value when the solid film layer was taken into account considering only the conductivity of the numerical analysis. Vapor film thickness s g averaged over length L can be described approximately by following Eq. (2) 11 (5) is approximately 0.07 mm. Figure 9 shows the calculation conditions used in the 2D analysis to analyze the heat transfer mechanism of the cooling system in the actual hot-rolled wire rod process. The coordinates are zϭ0 at the rod inlet part, and zϭ5.584 m at the rod outlet part.
There are 4 types of nozzles but the interval between nozzle assemblies was set to 15mm. The steel rod velocity was 10.66 m/s from 1.66 m/s. The velocity inlet was used as the fluid inlet boundary condition, and the exit used the pressure outlet conditions. Tables 1 and 2 show the inlet boundary condition and the calculation condition used in the computation.
Internal Flow Analysis of Fluids
To compare with the results of experiments, the flow phenomenon was examined by ignoring the vapor film formed on the rod and the boundary of fluid. The boundary condition is identical to the stripper nozzle shown in position 1 in Fig. 9 , and the coordinate position of the stripper nozzle inlet, exit, and the wire rod were set as shown in Fig.  2 . Figure 10 shows the internal flow of the nozzle when the flowrate of the cooling nozzle is Qϭ2 m 3 /h, and the initial turbulent intensity is 2.5%. Figure 10(a) indicates velocity, 10(b) the velocity vector, 10(c) pressure, and Fig. 10(d) the turbulent intensity. As shown in 10(a) and 10(b), the highest velocity is formed along the wall from the fluid inlet of the nozzle. Note that a large vortex is formed after impinging with the wire rod where the turbulent intensity reaches its maximum. In addition, negative pressure is formed, as shown in Fig. 10(c) , which indicates the pressure distribution. Based on this, we can expect that cavitation may occur when the flowrate is Qϭ4 m 3 /h. Then the value decreases again. At a point of ϩ5 mm, indicating the external region, the velocity distribution does not show any variation up to a point 4 mm in the radial direction and then starts to decrease. These trends appear similar to those of the common spray nozzle. At the position of zϭϪ30 mm, the velocity is low with almost no influence by the nozzle slit. At the point of zϭϪ20 mm where the slit jet is located, the velocity is 4 m/s and 8 m/s at a point 2 mm in the radial direction, indicating a value 2 times the external velocity of the nozzle after an approximate outlet (zϭ0 mm). Figures 12 to 14 show the results of analyzing the temperature under conditions specified in Tables 1 and 2 to examine factors that affect the wire rod cooling of the actual cooling system. Figure 12 shows the rod surface temperature variation occurring when the flowrate of the cooling nozzle No. 2 through 9 is increased. In the figure, the vertical dotted line indicates the position of each nozzle. It can be understood that as the inlet velocity increases, the cooling effects increase due to the effects of the turbulent intensity increase and the vapor film layers being thinner. In addition, the difference gradually increases when moving nearer the rod outlet because the flowrate is accumulated. Figure 13 shows the results of calculating the rod temperature when the velocity of the rod being inserted into the cooling box is changed when the vapor film thickness is 0.07 mm. From this, we can understand that the slower the rod velocity, the greater the cooling effects. It is believed that this phenomenon occurs because the cooling efficiency has increased due to the effects of the given sufficient cooling time. Figure 14 shows the surface temperature distribution of the rod obtained by changing the vapor film thickness. This result have indicated that the rod surface temperature increases as the film thickness increases when the wire rod velocity is 7.66 m/s. In other words, the important factor in increasing the cooling efficiency is to reduce the thickness of the water vapor.
Temperature Analysis
Comparison of the Experimental and Calculated
Values Figure 15 shows a comparison between the data obtained by measuring the velocity variation with the hot film in each position when the flowrate increases, and the calculation results obtained through numerical analysis.
The variation of flowrate continued for a specified duration and the hot film data were aquired. The results of the numerical analysis and experimental results match so well. The reason that velocity variation caused by the change in the flowrate differs depending on its position is believed to have resulted from the jet sprayed from the slit and the variation of the wire rod impinging point. Figure 16 shows the results of comparing the calculated value of the velocity distribution at the nozzle exit when the flowrate increases at zϭ2 mm position with the LDV measurement value. The figure shows the exit velocity when the radial distance from the wire rod surface changes, indicating that both values match. experimental results based on flow visualization. When the internal flow of the nozzle and the flow photographs were compared when the flowrate of the cooling nozzle is Qϭ2 m 3 /h and the initial turbulent intensity is 2.5%, a large vortex is formed on the same part after impinging with the wire rod, indicating that the experimental results match the numerical analysis. To examine the nozzle installed on the actual pre-cooling system, the nozzle and the box actually used were manufactured at a scale of 1 : 1, and the basic tests were conducted on flow and cooling to compare the results with those obtained by numerical analysis. The heating temperature of the electric furnace in pre-cooling simulator and the heating time were set to the 1 100°C and 1.5 h to perform cooling tests. The nozzles used for the test were 450 mm long, and a water pump was also installed to supply the cooling water for the experiment.
Test samples were 10 mm and 17 mm stainless wire rods. A 1.6mm thermocouple was inserted lengthwise and after heating the samples in the furnace, the temperature was measured when the samples were moving from the precooling simulator. Figure 18 shows the schematic diagram of the cooling experimental apparatus used in this experiment.
The results of the cooling test carried out by the experimental apparatus are indicated in the cooling curve shown in Fig. 19 . The continuous line indicates the results of analyzing the rod center temperature when the vapor film thickness was 0.07 mm and the wire rod velocity was 1.66 m/s. The initial temperature of the wire rod inserted into the nozzle was 1 310 K and the temperature variation according to time change was obtained by converting the temperature into the velocity of the wire rod moving 5 584 mm, the entire length of the actual cooling system. The cooling rate of approximately 104°C/s was obtained with the 17 mm wire rod.
Microstructure
Cold heading quality wire is used for the manufacture of bolts, nuts, and screws. In the past, these clamps were manufactured through cutting or hot working; however, cold working is now in vogue to improve productivity and reduce costs. Therefore, the cold heading quality wire requires low tensile strength to obtain good workability and surface quality so that cold working can be performed.
This research, in respect to SCM435 materials-the structural alloy steel, compared the mechanical properties and the microstructure of commercial products and the cold rolled products manufactured through controlled rolling. The tensile strength (TS) of the common product, the mixture of Martensite and Bainite, was approximately 9-11 MPa; however, in the control-rolled product, the mixture of Ferrite and Pearlite was approximately 6.8-7.3 MPa. In addition, the spheroidized annealing rate was 72 % for the commercial products, while that of the control-rolled products was as high as 75 %. Figure 20 shows the SEM photos comparing the microstructure of the steel surface between commercial and control-rolled products.
Conclusion
The pre-cooling system used in the cooling process of the hot rolled wire rod utilizes a spray of cooling water at high pressure to cool the fast-moving wire rod to a required temperature when the rod passes through the cooling nozzle of the cooling box. The influence of the flow phenomenon of this cooling nozzle affecting the rod temperature and the factors affecting the cooling efficiency were examined through experiments and numerical analyses. The results are as follows:
(1) The confined-type cooling nozzle demonstrated a phenomenon where secondary flow or vortex was produced on the flow depending on the existence of chambers and variations in the Reynolds number. The production of such vortex affected the rod cooling efficiency.
(2) The wire rod cooling efficiency was found to be most effective at a point where the water jet impinge the wire rod due to flow increase, that is, the Reynolds number increase (3) The estimated results based on numerical analysis showed that the cooling efficiency was reduced as the vapor film thickness and the rod velocity increased. In other words, the rod surface temperature increases when the film thickness increases. The important factor of increasing the cooling efficiency, therefore, is to reduce the thickness of the vapor film.
(4) As a result of comparing the mechanical properties and the microstructure of the commercial and cold rolled products obtained through controlled rolling, with respect to SCM435 material-the structural alloy steel, a superior structure featuring low tensile strength and a mixture of Ferrite and Pearlite was obtained.
(5) It is believed that the optimal conditions for excellent cooling efficiency can be deduced in the future by analyzing flow and design conditions. 
